Combined experimental and theoretical investigations were conducted on the electronic structure, as well as the optical and gas-sensing properties of mixed-phase CaCu 3 Ti 4 O 12 /CaTiO 3 (CCTO/CTO) composites, which were synthesized by a solid-state reaction using various milling durations. Our results revealed that these CCTO/CTO composites have a broad photoluminescence (PL) emission band located at 450 nm, which is strongly influenced by the milling process duration. Scanning electron microscopy images confirmed that the use of longer milling durations favored the formation of pores and increased the active surface area of the CCTO/CTO thick films. The thick films were prepared using the screenprinting technique, and hence, could be structured for gas-sensing applications. Our theoretical findings may further elucidate the electronic structure associated with the interfacial band alignment (type Istraddling gap) of the CCTO/CTO composite systems.
Introduction
During the last decade, the dielectric properties of ACu 3 Ti 4 O 12 (with A = metallic ions) perovskites has gained much attention due to its extraordinarily high and almost temperature-independent dielectric values [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The CaCu 3 Ti 4 O 12 (CCTO) material has a body-centered cubic structure with a space group of Im-3. In this crystalline structure, one-quarter of the A sites are occupied by Ca atoms coordinated to twelve oxygen atoms, while three-quarters of the A sites are occupied by Cu atoms coordinated to four oxygen atoms. Ti atoms are located at the B sites, which are coordinated to six oxygen atoms in an octahedral configuration [2] [3] [4] . Compared to other perovskites (e.g., BaTiO 3 , K 1/2 Na 1/2 NbO 3 , BiTiO 3 , and so on), at 100-400 K and above 1 MHz, this material has a high dielectric permittivity value ($10,000e 0 ). Owing to their outstanding dielectric properties, CCTO materials can be used in microe lectronic devices. Chung et al. [5] has also determined that this material exhibits strong non-linear current-voltage behavior, which enhances its application for varistor devices.
The origin of the dielectric properties of CCTO materials has been the subject of several studies, and their remarkable properties have been attributed to intrinsic mechanisms [6, 7] . Incidentally, the high dielectric permittivity of the material has been ascribed to local structural polarization associated with the displacement of Ti 4+ ions from the symmetric center. However, other researchers have attributed the electrical behavior of the CCTO system to extrinsic mechanisms [8] [9] [10] [11] . For instance, Sinclair et al. [10] determined that CCTO is composed of semiconductor grains and an isolated grain boundary; this heterogeneity would be responsible for the formation of internal capacitive barrier layers, which would influence the dielectric permittivity values of the material. In addition, Fang et al. [11] suggested that internal domains exist inside the CCTO grains; this may result in enhancement of the dielectric permittivity of the CCTO due to the contribution of the individual grains. The physical and chemical properties of CCTO materials can be influenced by the Ca/Cu ratio [12] [13] [14] [15] [16] . Consequently, the dielectric permittivity, resistivity, and density of CCTO materials are closely related to the segregation of CuO at the grain boundaries [12, 13] . For instance, Kim et al. [14] determined that enhanced permittivity values were obtained for Cu-rich CCTO samples. In principle, excess CuO, which is not incorporated into the CCTO system, can increase the amount of liquid phase at the grain boundary regions. In contrast, when Ca atoms initially occupy Cu sites, which results in a Ca-rich CCTO solid solution due to differences in the atomic radii of the Ca 2+ and Cu 2+ ions, the solubility limit of Ca atoms in the CCTO system is low; therefore, the excess of Ca atoms can, in principle, favor the formation of CaTiO 3 (CTO) as a secondary phase [15] . In addition, recent studies have reported that owing to the stoichiometry of CCTO systems, the formation of a Ca-rich CCTO solid solution is energetically more favorable than the formation of a Cu-rich CCTO solid solution [17] . Many researchers have studied the fabrication of various forms of CCTO and CTO materials using numerous processing methods, such as metal-organic chemical deposition [18] [19] [20] , sol-gel [21, 22] , pulsed laser deposition [23] , pressure-assisted thermal annealing [24] , and so on. In addition, it is widely recognized that these techniques, when applied for the preparation of CCTO and/or CTO films, in particular, lead to the formation of materials with irregular grain sizes and rough surfaces. More recently, to improve the performance of such materials for potential application in integrated circuit devices, the screen-printing technique has been used to fabricate thick films. This technique results in the production of crack-free thick films with a highly porous structure compared with those produced with other deposition techniques [25] [26] [27] .
In contrast, recent studies have reported that the chemical and physical properties of mixed-phase CTO/CTO composite systems are significantly influenced by their formation process [28] [29] [30] . In theory, the formation process can lead to changes in the electronic structure properties due to the adjustment of the relative band alignments of both materials, which primarily occurs at the interface regions [31] . Consequently, composites consisting of mixed-phases have huge potential for a wide variety of technological applications. Recent studies have focused on the microstructure and dielectric properties of mixed-phase CCTO/CTO composites (i.e., as a function of their stoichiometry), and thus, these complex heterostructured materials may have significantly enhanced dielectric constants as well as typical non-linear coefficients [32] [33] [34] . However, despite recent advances in this field, it is important to gain a more fundamental understanding of these composites. In addition, at nanoscale sizes, the structural and electronic properties of such composites are yet to be elucidated.
In the present study, we conducted a combined experimental and theoretical investigation on the electronic structure, as well as the optical and gas-sensing properties of a CCTO/CTO composite that was synthesized by a solid-state reaction using various milling durations. These composites were characterized using X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), micro-Raman (MR) spectroscopy, and volumetric gas adsorption measurements with Brunauer-Emmett-Teller (BET) analyses. The optical properties of the mixed-phase CCTO/CTO composites were evaluated using diffuse-reflectance spectroscopy in the ultraviolet-visible region (DRS/UV-vis) as well as photoluminescence (PL) measurements. To obtain thick films of these asprepared composites, the material was deposited onto an alumina substrate using a screen-printing technique [35] . In additional, the gas-sensing response of the thick films was evaluated under air and CO atmospheres. To further understand the experimental data, the electronic band structure, vibrational modes, and projected density of states of both the CTO and CCTO materials were theoretically calculated to predict the band-alignment mechanism, and elucidate the physical and chemical behaviors of the materials at an atomic-level.
Experimental section

Synthesis of the CCTO/CTO composites
The CCTO/CTO composite powders were prepared using a solidstate reaction. Stoichiometric quantities of TiO 2 , CuO, and CaCO 3 (Aldrich, 99.99%) were placed in isopropanol within a polyethylene bottle and ball-milled using zirconia balls. The compounds were milled for 24 h and 48 h to obtain powders with a small particle size, and the resultant products were denoted as CCTO/CTO_1 and CCTO/CTO_2, respectively. The alcohol subsequently evaporated, and the resultant powders were mechanically disaggregated in a mortar, sieved using a 200-mesh granular sieve, and calcined at 900 C for 12 h in a conventional furnace, which was heated at a rate of 5 C/min.
Characterizations
The crystallinity of the CCTO/CTO powders and thick films were verified using XRD. A Rigaku-DMax/2500PC (Japan) with Cu-Ka radiation (l = 1.5406 Å) was operated in the 2u ranges of 10-130 and 20-70 with a scanning rate of 0.02 /min. The morphologies of the powders and thick films were verified using a FE-SEM (JEOL JSM-6460LV microscope). The surface areas of the CCTO/CTO powders were determined by gas-adsorption volumetric measurements using BET analysis. The MR spectra of the mixed-phase CCTO/CTO powders and thick films were recorded using a Renishaw in via microscope. In particular, the MR spectra were obtained using an argon-ion laser with a wavelength of 514 nm, where the maximum output power was maintained at 50 mV; the spectra were dispersed using diffraction scattering at 2400 lines/ min.
Optical properties
The DRS/UV-vis spectra of the mixed-phase CCTO/CTO composites were measured using a Cary 5G spectrophotometer. The PL emission spectra were measured using a 139 Thermal Jarrell-Ash Monospec 27 monochromator and a Hamamatsu R446 photomultiplier. A krypton-ion laser (Coherent Innova) with an exciting wavelength of 350 nm was used and a nominal output power of 200 mW was maintained. All the measurements were performed at room temperature.
Fabrication and electrical characterization of thick films
The thick films were prepared using a screen-printing method. First, silver electrodes (interdigital paths of approximately 1 mm) were deposited on a dense alumina substrate using a screen composed of polymeric resin. The silver electrodes were heated to 350 C at a rate of 5 C/min and maintained at this temperature for 0.5 h. To prepare the slurry, 200 mg of the CCTO/CTO (1 and 2) powders and two drops of glycerin were mixed in a mortar. The viscosity was controlled using an isopropanol solution. The slurry was deposited on the electrodes using a glass rod. To improve the film adhesion, the alumina substrates were initially calcined at 60 C for 1 h and subsequently at 500 C for 1 h; in both cases, a heating rate of 2 C/min was employed. The electrical behavior of the mixed-phase CCTO/CTO thick films was investigated using a gas chamber. The samples were subjected to a dry air atmosphere at low pressure, and a resistance versus time curve was plotted. Following a sudden change in the atmospheric conditions, from vacuum (10-4 mmHg) to dry air (3.6 mmHg and 9.0 mmHg), the resistance was measured as a function of time at temperatures of 250-400 C. The sensibility of the CCTO/CTO thick films in the O2 assay was calculated using a S = R air /R vacuum ratio, where R air is the constant resistance value following the injection of air, and R vacuum is the resistance value prior to the injection.
For sensing measurements under CO atmosphere, the samples were exposed to vacuum conditions, and a quantity of CO was injected (3.6 mmHg); this moment was determined as the initial time (t = 0). Gas-sensing measurements were recorded until there was no variation in the resistance values. Subsequently, the sample was exposed to vacuum conditions again, and 9.0 mmHg of air was injected. When the resistance attained a stationary state, a quantity of CO (P air + P CO = 20 mmHg) was injected, and measurements were recorded until the resistance became constant. All the measurements were recorded at 390 C.
Theoretical models and methods
The structural, vibrational, and electronic properties of the bulk-phase CCTO and CTO materials were investigated via periodic first-principles calculations within the framework of density functional theory (DFT) [35, 36] using the CRYSTAL 14 package [37] . This code employs a Gaussian-type basis set (GTO) to represent Kohn-Sham orbitals in periodic systems as a linear combination of Bloch functions, which are defined in terms of the local functions (atomic orbitals).
Consistent GTO with triple-zeta valence with polarization quality (TZVP) were constructed for the solid-state calculations [38] ; these were used for all atoms and described by the allelectron basis set (s-p-d-f), namely Ti and Cu: 842111-6311-411-1; Ca: 842111-6311-1, and O: 6211-411-1.
The CTO is orthorhombic (Pbnm À lattice parameter a = 5.3796 Å, b = 5.4423 Å, c = 7.6401 Å) with closed shell system, and was treated under restricted formalism. The CCTO is cubic (Im-3-lattice parameter a = 7.391 Å) and has an open shell system because of the three Cu ([Ar]3d 10 4s 1 ) atoms in the unit cell. This system was treated under unrestricted Hamiltonian formalism within the high-spin ferromagnetic solution. Owing to the strong electronic correlation in systems such as CCTO, we used the global hybrid model, PBE0, and range-separated hybrid functionals, HSE06, to mitigate self-interaction error. The level of calculation accuracy for the Coulomb and exchange series was controlled by five thresholds set to 10
À16 (for more details see CRYSTAL Manual [37] ). Diagonalization of the Fock matrix was performed using a shrinking factor (PackÀMonkhorst and Gilat net), which was set to 6, corresponding to 18 independent k-points in the irreducible part of the Brillouin-zone integration of the CCTO, and 64 k-points in the case of the CTO. The atomic positions of all the atoms in each of the models were fully relaxed until the largest component of the ionic forces attained a value of 3 Â 10 À4 eV/Å. The electronic band structure and its density of states (DOS) were analyzed using the Properties14 routine of the CRYSTAL code; to optimize the data, we employed the same k-point sampling as that used during the diagonalization of the Fock matrix.
In particular, the vibrational frequencies (infrared and Raman spectroscopy) at the G point were computed within the harmonic approximation by diagonalizing the mass-weighted Hessian matrix. The convergence threshold was set to 10 À7 and 10 À10 Ha to perform SCF energy calculations for the optimization and vibrational frequencies, respectively. Fig. 1(a) depicts the XRD patterns, recorded at room temperature, of both samples prepared using the solid-state reaction. It is evident that all the XRD patterns can be indexed to the cubic structure of the CCTO (with a space group of Im-3) and the orthorhombic structure of the CTO (with a space group of Pbnm). These results confirm that mixed-phase CCTO/CTO composites were obtained, and are in good agreement with the respective Inorganic Crystal Structure Database cards (ICSD card numbers 95-714 and 74-212), as shown in Fig. 1 (a) . In addition, similar results were obtained for the thick films (see Fig. 1(b) ). Moreover, no diffraction peaks associated with the alumina substrate were observed during the XRD analysis of the thick films. The XRD results are in agreement with those of previous studies [29, 33, 34] , and indicate that a high degree of structural order and crystallinity exist at long-range. Furthermore, we also analyze the crystallite sizes of the CCTO/CTO powders, as well as for the thick films asprepared, were calculated from the full-width at half maxima (FWHM) of the (220) peak at $2u = 33 corresponding to CCTO phase and (121) peak at $2u = 34 corresponding to CTO phase using Scherer's method [39] .
Results and discussion
The crystallite size values found for the CCTO/CTO powders and thick films (given in parentheses) calculated from the (220) peak varies from 422.13 (398.36) nm to 184.05 (196.93) nm, while for the (121) peak varies from 66.31 (70.32) nm to 64.92 (73.86) nm; respectively, as a function of the milling stages. This observed differences for both cases could originate from the higher lattice distortions caused by residual stresses induced by 24 or 48 h at milling process, i.e., due to preparation conditions in solid state reaction method including heat treatment temperature, processing time and stages of grinding, as well as, in the case of thick films, the large lattice mismatch and a large difference in thermal expansion coefficients between CCTO/CTO on alumina substrates (e.g., which causes a residual stress in deposited CCTO/CTO thick films). Fig. 2(a-b) show the MR spectra of the powders and thick films consisting of the mixed-phase CCTO/CTO composite systems, respectively. The analysis of the MR spectra of the CCTO/CTO composite powders, shown in Fig. 2(a-b) , reveals three Ramanactive modes (i.e., 1F g and 2A g ) that are characteristic of octahedral [TiO 6 ] cluster rotation-like behavior in the cubic structure of the CCTO phase as well as three other Raman-active modes (i.e., 2B 2g and 1B 1g ) that are related to the [TiÀ ÀOÀ ÀTi] anti-symmetric stretching mode. In addition, [OÀ ÀTiÀ ÀO] bending vibration modes, caused by the tilting phenomenon between adjacent octahedral [TiO 6 ] clusters in the orthorhombic CTO phase, were also revealed [40] [41] [42] [43] . Considering these experimental results, the vibrational modes and their corresponding frequencies were theoretically calculated from the optimized bulk structure of both the CCTO and CTO materials. No imaginary frequencies, which indicate the presence of structures in local or global minima, were found. The bulk CCTO and CTO structures have 60 modes. Owing to the cubic symmetry of the CCTO, the F-modes are triple degenerated and the E-modes are double degenerated, resulting in irreducible representations with just 24 modes, as shown in the following equations:
CTO: G = (8A u ) silent + (8B 1u + 10B 2u + 10B 3u ) IR + (7A g + 7B 1g + 5B 2g + 5B 3g ) Raman (1)
The representations with the subscript 'u' are Infrared-active, while the g-modes are Raman-active; the A u -and E u -modes are silent in the case of both oxides. The positions of the optical Raman-active modes obtained from the DFT calculations are shown in Fig. 2(c) . A comparison of both the PBE0 and HSE06 theoretical levels predicted the positions of the modes in the same region of the spectra; these results correlated well with the experimental results (for more details, see the Supplementary information).
In addition, it is clear that the MR spectra of the powder and thick-film CCTO/CTO_2 systems are rather different to those of the corresponding samples. In the case of the CCTO/CTO_2 powder, the difference can be noted by the disappearance of the Raman mode at 441 cm À1 and the displacement of the Raman mode at 641 cm À1 . However, in the case of the CCTO/CTO_2 thick film, this difference is noted by the appearance of the Raman-active mode at 501 cm
À1
. Each of these Raman-active modes are related to the rotation-like mode of the [TiO 6 ] clusters. Moreover, the observed changes in the Raman-active modes of the CCTO/CTO_2 systems also indicate that the structural defects induced by the milling stages can modify the bending vibration of the [Ti-O] linkages in the CCTO/CTO crystalline structure. In additional, the MR results correlate well with those of the XRD pattern analysis, and hence also reveal that short-range structural organization exists in the mixed-phase CCTO/CTO composite systems. Fig. 3(a-b) illustrate the FE-SEM micrographs of the powder and thick-film mixed-phase CCTO/CTO composite systems, respectively. The CCTO/CTO_1 powder has a surface area of 8.1 m 2 g À1 and possesses large particles. However, the CCTO/CTO_1 thick film possesses loose particles with no points of contact; the initial stage of sintering cannot be initiated, which indicates that there is almost no connectivity between the particles (see Fig. 3(c) ). For comparison, the CCTO/CTO_2 powder has a large surface area of 18.2 m 2 g
. The heat treatment increases the number of contact points between the particles in this sample; consequently, it is energetically feasible that these particles join to form many aggregates with greater connectivity (see Fig. 3(d) ). The preliminary results show that in the case of the CCTO/CTO_2 film, there is a greater degree of connectivity between the particles compared to that of the CCTO/CTO_1 film. Fig. 4(a) illustrates the DRS/UV-vis spectra of the CCTO/CTO_1 and CCTO/CTO_2 powders, which were employed to determine the band-gap values (E gap ) of these composites using the Tauc procedure [44] . In particular, it is well known that the CCTO/ CTO composite systems have a direct E gap energy, which corroborates our theoretical results. These results indicate that two different direct allowed transitions were determined for the materials; these can be assigned to each phase of this system, which corresponds with both the XRD and MR results. From the PBE0 and HSE06 theoretical approaches, it could be determined that the band gap of the CCTO was smaller than that of the CTO, where the Fermi level at T = 0 had almost degenerated. Therefore, it is expected that two possible effective band gaps will exist, which are provided relatively equally from the separated CCTO and CTO, along with a straddling type-I interfacial band gap. The conditions should differ in the case of defective materials; this is because of the segregation of point defects, as well as lattice distortion at the heterostructure interface or surface. As shown in Fig. 4(a) , the electronic transitions are associated with the cubic CCTO phase (2.20 eV and 2.50 eV) and orthorhombic CTO phase (3.24 eV and 3.53 eV). The theoretically calculated E gap values are greater than the experimentally obtained values, which, in principle, can indicate a high concentration of structural defects. This leads to the formation of intermediate levels between the valence (VB) and conduction (CB) bands of these composites, which is largely responsible for the reduction of the E gap values. Moreover, our results suggest that an extended milling period tends to have a positive effect on the crystallization process of such systems. To investigate the crystalline structure of the mixed-phase CCTO/CTO composite powders at medium-range, we also performed PL emission measurements at room temperature, as shown in Fig. 4(b) . These composites exhibit a broad PL emission band with a maximum intensity at 450 nm. The enhanced crystalline quality (owing to the longer milling period) results in an improved electronic configuration. This is especially evident at mediumrange, and promotes an increase in the relative intensity of the PL emission band, accompanied by its enlargement (see Fig. 4(b) ). In theory, owing to the PL behavior of the CCTO/CTO composite, certain localized states should exist in the forbidden band gap, which is typical of the multiphonon process [28, 29] .
Based on previous experimental and theoretical findings [45] [46] [47] , it is presumed that structural order-disorder effects can, in theory, facilitate the population of electronic excited states, and hence promote an intense PL emission band in the case of such complex materials. This theory corresponds with the structural and optical properties that were observed for the CCTO/CTO composite. Furthermore, it is important to investigate the role of the structural changes that occur during the synthesis of these complex materials; in particular, it is important to determine how the building blocks are organized at the short-, medium-and longranges of the crystalline structure to elucidate the behavior and properties at nanoscale, as well as provide important insights on the structure-property relationships. It is possible that the PL behavior can, in theory, be explained in terms of the structural and electronic order-disorder effects at the interfacial regions of the CCTO/CTO.
From the viewpoints of theoretical and computational materials design, in principle, provide a detailed understand the materials properties in term of their structure, as well as, reveals important aspects of their physical and chemical behavior at the atomic level [45] [46] [47] [48] [49] . In particular, in the CTO unit cell, the Ca atoms are coordinated to twelve O atoms that form dodecahedral [CaO 12 ] clusters while the Ti atoms are coordinated to six O atoms that form octahedral [TiO 6 ] clusters. However, in addition to these complex clusters, the CCTO unit cell also possesses Cu atoms, which are coordinated to four O atoms that form square planar [CuO 4 ] cluster (see Fig. 5(a) ) [28, 29] . To further clarify the PL mechanism, the structural changes observed in this study suggest that these complex clusters are highly disordered at the interfaces of both materials. Our results suggest that cooperative effects occur at the short-, medium-and long-ranges of these complex clusters; these effects primarily occur at the interface regions of the CCTO/ CTO composites and thus are responsible for the modification of their physical and chemical behavior at nanoscale.
An analysis of the DOS, displayed in Fig. 5(b) , shows the contribution of the Cu [Ar] 3d 9 levels to the ferromagnetic solution (first triplet ground state) at the edge of both VB and CB bands, along with the contribution of the O 2p levels at the VB and that of the Ti 3d level at the CB. In the case of the CTO, the absence of Cu cations led to the singlet ground state solution, where the top of the VB is composed of O 2p levels and the bottom of the CB is primarily composed of antibonding Ti 3d levels. Fig. 6 illustrates an electronic model based on a theoretical perspective, which can be used to predict the band-gap alignment of the CCTO/CTO composite. It is noteworthy that the theoretical model used here is based on the band alignments of both the CCTO and CTO materials, which are considered separately; it therefore fails to consider some key factors, such as the complex chemical interactions that occur during the formation of the composite system, as well as the effect of interfacial strain [31, 50, 51] . However, in principle, the computational strategy used here can be used to elucidate a number of relevant effects, with the aim of exploring the physical and chemical behavior of these composites at an atomic level. Overall, in the case of these composites, the electron-hole pair formation is strongly connected to the energy level alignment. From a computational perspective, the method using the PBE0 functional is expected to result in a larger band gap compared with that of the range-separated HSE06 functional because of its significantly high Hartree-Fock contribution. The qualitative results correlate with the trends shown by the experimental results and the time-consuming HSE06 method. In addition, we also investigated the gas-sensing properties of the CCTO/CTO thick films (see Fig. 7(a-d) ). Fig. 7 (a-d) shows the resistance plotted as a function of time for the CCTO/CTO thick films that were subjected to air and CO atmospheres at 390 C, respectively. It can be observed that the corresponding curves of the CCTO/CTO thick films exhibit typical n-type semiconductor behavior. When exposed to an air atmosphere, the resistance of the CCTO/CTO_1 film rapidly increases (see Fig. 7(a) ). x to oxygen from the air atmosphere. In addition, the possible energy-transfer process between the clusters in the lattices of the CCTO/CTO systems can be ascribed to order-disorder effects according to the following equations:
Consequently, the sample resistance increases because there is an increase in the both the barrier height and depletion width [52] . In particular, the resistance stabilization period (i.e., the response time) for this sample was prolonged, which is related to its small surface area and aggregated particles. The resistance stabilization period for the CCTO/CTO_2 film was also prolonged; however, a decrease in the resistance rather than stabilization was noted (see Fig. 7(b) ). This behavior is attributed to oxygen adsorption at the surface, which favors electron transference from O 2 to clusters, reduces the concentration of oxygen vacancies and overlaps the potential barriers. Therefore, the conductivity of this sample decreases according to the following equations:
When thick films are exposed to CO gas, three processes may occur: (i) CO adsorption at the surface, which correlates with the enhancement of the potential barrier height as well as the conductivity values; (ii) the CO reacts with the O 2 that is adsorbed on the surface, in accordance with Eqs. (10) and (11) below, and (iii) oxygen vacancies act as electron donors, which also increases the conductivity of the film. In good agreement with previous works [53, 54] , we would expect that the relevant reactions are the following.
Fig. 7(c) and (d) show the resistance versus time curves that were recorded for the CCTO/CTO_1 and CCTO/CTO_2 thick films, respectively. Owing to the high degree of connectivity between the particles, oxygen diffusion not only occurs at the surface of the aggregates but also throughout the material [52, 55] . Table 1 illustrates the sensitivity values (S = R air /R vacuum ) of the samples that were remained under vacuum and, after resistance stabilization, they were subjected to a dry air atmosphere at a pressure of 3.6 and 9.0 mmHg. Maximum electrical sensitivity values were obtained for the sample that was subjected to a pressure of 9.0 mmHg at 390 C. The sensitivity of the samples increased with the air pressure. The highest electrical sensitivity was determined for the CCTO/CTO_2 thick film. This film contained a large quantity of aggregated particles because of its large surface area; in addition, the degree of disorder of the lattice was high, which can probably be attributed to the presence of oxygen vacancies.
For the analysis of the sensitivity values of the samples to a CO atmosphere, two assays were conducted. Firstly, samples were remained under vacuum conditions and were subjected to a COrich atmosphere (S1 assay), and secondly, samples exposed to a O 2 -rich atmosphere and subsequently exposed to a CO atmosphere (S2 assay). The S1 index represents the calculated sensibility values of the samples that were exposed to a CO atmosphere at a pressure of 3.6 mmHg, and the S2 index represents the calculated sensibility of the samples that were exposed to an atmosphere of CO (P air + P CO ) at a pressure of 20 mmHg, and the results are listed in Table 2 .
The results in Table 2 confirm that the samples that remained under vacuum conditions and were subjected to a CO-rich atmosphere (S1 assay) had a superior response to those of the S2 assay for sample CCTO/CTO_1. When the CCTO/CTO_1 thick film was exposed to a O 2 -rich atmosphere and subsequently exposed to a CO atmosphere, there was an apparent decrease in the sensibility values. This behavior can be attributed to the reaction between the CO gas and the exposed surface of the thick film. Finally, the CCTO/ CTO_2 thick film had a better response in both assays which can be related the microstructural and structural characteristics and the possible previous overlapping of the potential barriers [52] .
Conclusion
In summary, CCTO/CTO systems were prepared by a solid-state reaction with 24 h or 48 h of grinding. The XRD patterns and Rietveld refinement results showed that the CCTO/CTO composite systems are composed of a cubic CCTO phase and an orthorhombic CTO phase. The MR spectroscopy results indicated that the symmetry break along the Ti-O linkages is due to the existence of structural defects, such as distortions and strains in the CCTO/ CTO systems, which were induced by the milling stages. The DRS/ UV-vis spectra showed that these structural defects in the crystalline structure inhibited the energy levels between the CBs and VBs. The FE-SEM micrographs showed that the CCTO/CTO powders and thick films are composed of aggregated particles, and the heat treatment that was conducted at 500 C influenced the conductivity between the particles of the CCTO/CTO thick films. The electrical measurements that were recorded under oxygen (from dry air atmosphere) and CO atmospheres confirmed that the electron transference to/from the oxygen or CO influenced the resistance and sensibility values. The CCTO/CTO_2 film exhibited a good sensing response under the experimental conditions employed. In general, the high PL emission and sensor response of these composites can, in principle, be attributed to the effective band alignment of the CCTO/CTO composite. Specifically, the electron-hole pair formation is strongly connected to the energylevel alignment.
